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ABSTRACT

In order to understand further the interactions that exist between specific
organometallic complexes and DNA, reactions of double-stranded calf-thymus DNA with
bis(cyclopentadienyl)titanium dichloride [Cp2TiC12] (mC), bistr-butylcyclopentadienyl)
titanium dichloride

[(C4~Cp)2TiC12]

(r-butyl TDC), bis(i-propylcyclopentadienly)

titanium dichloride [(C3~Cp)2TiCIJ a-propyl mc), bis(pentamethylcyclopentadienyl)
titanium dichloride [(Cp"}zTiC1:J (pentarnethyl TDC),

triphenyltin chloride (Ph 3SnCI),

diphenylrin dichloride (Ph 2SnC1 2 ) , and triphenyltin acetate (ph 3SnOAc) were performed.
The goal of [his research is to establish how the fundamental structure and composition of
these compounds determine the effecti veness of their DNA interactions. Each metal
compound was incubated with calf thymus DNA at several metal: DNA ratios and
reactions were maintained at 37°C at a pH of 6 or 8. Multiple time points were taken of
each reaction mixture and for each time point the modified DNA was isolated via ethanol
precipitation. Modified DNA was then analyzed by ICP-AES (to determine the amount
of bound metal), by Picotrreen" fluorescence spectroscopy (to determine the amount of
DNA) and by HPLC separation of enzymatic digestions (to determine the relative percent
area of each of the four bases in modified and control DNA). The titanium compounds
were also incubated with a synthetic 11 base pair oligomer of double stranded DNA at
room temperature and analyzed with HPLC and ICP to determine the amount of bound Ti
to the DNA over time. Preliminary data is presented and DNA-binding trends will be
discussed.
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INTRODUCTION

In 1969, researchers discovered the anti-tumor activity of one particular inorganic
compound, which revolutionized the search for new cancer treatments [1].

This

compound. cis-diamminedichloroplatinum (II) (cisplatin) , was shown to be quite
effecti ve agai nst certain strains of cancerous tumors (I] . Its discovery catalyzed an
entirely new span of research in the search for other metal-containing compounds with
anti-tumor activity. The purpose of this research was to find other compounds that also
had action against cancerous tumors . Many have studied metal compounds with more
coordination sites and additional oxidation states in attempts to find candidates that might
have less toxic effects on humans and that are not cross -resistant with cisplatin . Since
1969, scientists have observed evidence for anti-tumor activity in a myriad of metal
compounds including some containing ruthenium, titanium, rhodium, palladium [2],
chromium. manganese, cobalt, nickel, copper, zinc, mercury [3] and tin [4] compounds.
Historically, organometallic complexes of So have been used in industry as
fungicides and herbicides. but their use has declined as evidence of their toxicity and
possible contamination of water sources has been identified [5]. In biological systems,
organotin compounds have been shown to have a number of effects. These include
activation of endonucleases and DNA cleavage as well as immunological effects in
mammals due to a possible inhibition of the T-cell response [5].

Many organotin

compounds have exhibited particularly promising in vitro anti-tumor activities against
human tumor cell lines [4] with derivatives of BU2Sn(IV)X~. Oct 2Sn({V)X 2• and Ph 2Sn(lV)X2 all
showing activity against strains of leukemia [6].

Although many studies have been

conducted and quite a few produced favorable results. there is still much that is unknown
about tin as a potential anti-tumor agent. 'In the case of cisplatin, scientists have been
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able to show that the formation of cross-links between the compound and bases on a
DNA strand [7] causes alteration of the DNA [8] and mutagenesis of the cell [8] . The
mechanism of action is unknown for organotin compounds, but there are research teams
who believe that it is unlikely that organotin compounds interact with DNA via crosslinks
[9]. More research needs to be done with tin compounds as anti-tumor agents in order to
understand many of the still unanswered questions concerning tin and its effect on cancer
cells.
Titanium compounds have also been widely studied for use as anti-tumor agents.
One compound in particular, titanocene dichloride (IDC), is presently in Phase II clinical
trials for use against ovarian cancer [6]. IDC was originally developed as an analog to
cisplatin, but early research showed that the aqueous chemistry of cisplatin and the
metallocenes (including IDC) differ substantially [10] . It has been reported that TDC
inhibits DNA biosynthesis and mitotic activity in cancer cells [11] . The anti-rumor
activity of IDC maybe influenced by its interactions with DNA with potential targets
including the phosphate group and a disruption of the hydrogen bonds of the Watson
Crick base pairing [11]. In addition. evidence supports that titanocene prevents the
growth of new blood vessels in tumors and may inhibit both DNA topoisornerase II and
protein kinase C (5]. The results from the Phase I clinical trials showed TDC lacking
cross resistance with cisplatin and that the mechanism of tumor attack by TDC is also
different than cisplatin [12,13].
This research project set out to answer three questions. Do Sn(IV) and Ti(IV)
organometallic complexes bind to DNA?

If they do, are those interactions time

dependent? Can a mechanism of binding be determined for the interactions? Seven
compounds were investigated in order
(Cp2TiCl~]

(0

answer these questions: titanocene dichloride

bis(t-butylcyclopentadienyl)titanium dichloride

[(C4~Cp)2TiCI2],

bis(i

8
propylcyclopentadienyl)ti tanium

dichloride[(C3~Cp)
2TiC12] '

cyclopentadienyl)titanium dichloride [Cp'2TiCI2],

b i s (pen t ame th yl

triphenyltin chloride (Ph 3SnCl),

diphenyllin dichloride (Ph 2SnCI2) . and triphenyltin acetate (Ph 3SnOAc). The structures
of these compounds can be found in Figure #1 in the Appendix. Reactions were set up to
analyze [he interaction of each compound with calf thymus DNA. The intent was to
monitor the DNA-binding of each compound and use any binding trends to evaluate the
conditions of metal - DNA binding and the potential of these compounds as anti-cancer
drugs.
The organometallic compounds were incubated with both long double-stranded
calf thymus DNA and a short 11 base pair oligomer of synthetic DNA with the following
sequence:

5' - GCTTGGTATCG - 3'

Strand 1

3' - CGAACCATAGC - 5'

Strand 2

The l l-rner duplex was prepared with this sequence specifically because it contains every
combination of possible nucleotide dirners . Therefore, jf any of the metal compounds
bind to DNA at two specific adjacent nucleotides, this DNA sequence will contain that
preferred sequence. The calf thymus DNA was used for initial reactions, while the 11
mer duplex experiments were intended to determine more specifically where and how
these compounds interact with DNA.
The reactions of this research were analyzed using ICP-AES, HPLC, and
fluorescence spectroscopy. The Iep was used to measure the total concentrations of Ti
or Sn in the reaction samples. The HPLC was used to monitor the progress of metal
compound interactions with DNA and to separate enzymatically-digested DNA of
reaction time points. Fluorescence spectroscopy was used to quantitate the amount of
calf thymus DNA in the reaction time points. This was done via a fluorescent nucleic

9

acid stain, PicoGreen" (Molecular Probes, Eugene, OR), which has a fluorescence
enhancement of greater than IOOO-fold [14] in the presence of duplex DNA. with
fluorescence intensity proportional to the amount of duplex DNA in solution .
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MATERIALS

Calf thymus (CT) DNA and the enzymes used for DNA digestion (alkaline
phosphatase. P1 nuclease, and deoxyribonuclease I) were purchased from Sigma. The
triphenyltin chloride, TDC, and diphenyltin dichloride were from Aldrich, and the
triphenyltin acetate, r-butyl IDC, i-propyl IDC, and pentamethyl IDC came from Strern
Chemicals (Newburyport. MA .) The four DNA bases (2' deoxyguanosine hydrate, 2'
deoxycytidine monohydrate, 2' deoxyadenosine hydrate, and thymidine) were all

purchased from Aldrich. The multi-element standard solutions used to generate the
calibration curves for the ICP was certified by Spex CeniPrep. The PicoGreen" dsDNA
Quantification Kit was purchased from Molecular Probes (Eugene , OR). The 11 base
pair oligomer (Ll-rner duplex) was prepared by Subhashini Srivatsan (Colby '01) by
using conventional phosphoramidite chemistry on an Applied BioSystems 391 DNA
Synthesizer and purified by reversed-phase HPLC.

METHODS

Dissolving DNA
The 100 mg of CT DNA (sodium sal I) was dissolved in 50 mL of 0.02 M sodium
phosphate buffer (pH 7.4) with 0.1 M NaCI and incubated in a 3rC water bath
overnight to facilitate dissolution.

DNA Quantification
The amount of DNA in the solution was measured using a Hewlett Packard
8452A diode array spectrophotometer (UV ~ Vis) . Absorbance readings at 260 nm and

II

280 nm were measured for each sample. The 260 nm reading is used to calculate the
concentration of DNA in the sample and the ratio of the readings at 260 nm and 280 nm
indicates the purity of the sample. Pure samples of DNA have an estimated 260/280 ratio
of about 1.8 with an absorbance reading of 1 OD at 260 nm equivalent to 50 ug/rnl of
DNA [15].

DNA Precipitation
The CT DNA was purified using a precipitation procedure detailed by Sambrook
et al [I5].

A portion of the above solution of DNA, along with 0.3 M (final

concentration) sodium acetate buffer (pH 5.2), 0.2 M NaCI, and two times the total
solution volume of 100% ethanol (ice-cold) was combined, chilled for 30 min in the
freezer to allow precipitation to occur and then centrifuged at 4°C (12000 g) for 10-15
min. Always keeping the tubes on ice to prevent the DNA pellet from redissolving, [he
supernatant was removed as carefully as possible and saved. A three-volume portion of
70% ethanol was then added as a wash and the tubes were spun again for 2 min (4"C,
12000 g). After removing the second supernatant, the pellets were redissolved in a
minimal amount of distilled water [14]. The concentration and purity of the precipitated
DNA solutions were determined by UV-Vis as discussed above.

Preparing Metal Compound Stock Solutions
A minimum amount of metal compound (about 1-5 mg) was carefully measured
out and dissolved in 1 mL of ethanol (Sn(IV) compounds) or DMSO (Ti(IV)
compounds). All compounds required heating at 37°C for 1-2 hours for complete
dissolution. The compound Ph.Sn was also originally in our binding studies, however, its
insolubility in ethanol precluded its use in our experiments. Each primary stock solution
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was then diluted to 1.5 mM stock solutions with either ethanol or DMSO. All DNA
reaction mixtures were set up with these 1.5 mM metal compound stock solutions. The
solutions were stored under a ventilated fume hood at room temperature.

Concentration Detennination of the Metal Stock Solutions
An aliquot of the 1.5 mM metal compound stock solutions was diluted to 2 mL
with distilled water so that the diluted sample would have a metal concentration of == 400
ng of metal/rnl, (400 ppb). The concentration was then measured with the ICP-AES in
order to determine the exact metal concentration of each of the stock solutions.

Calf Thymus DNA - Metal Reactions
The first series of reactions (Reaction Set #1) between the metal compounds and
DNA were set up with final reaction volumes of 2 mL. The reaction solutions contained

400 ug of DNA and enough metal compound for the formal ratio (r.) of moles of metal
(Ti or Sn) to moles of DNA base pairs to be equal
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0.1 and 1.0 for Sn(IV) compounds

and 0.05 and 0.1 for Ti(IV) compounds . The Sn(lV) reaction solutions were buffered
with 1 mM Tris-HCl at pH 8 [6) and the Ti(lV) reaction solutions contained 20 mM MES
at pH 6 [9). The reaction solutions were prepared and stored in microcentrifuge rubes at

37T in a temperature controlled oven throughout the lime course of the experiment.
A second set of reactions (Reaction Set #2) with the titanium compounds was also
performed under the same conditions as above, with the final reaction volumes of 6 mL .

Control Reactions
Several control reactions were set up with the above reaction sets.

The first

control (control A) was a reaction mixture containing all reaction components except any
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metal compound. This DNA control was used for the HPLC analysis of the digested time
points. The second set of controls (control B) contained all components for each Sn
reaction except DNA. The third control set (control C) contained all components for
each Ti reaction except DNA .

Both controls Band C were used to insure the stability of

the metal compounds in aqueous conditions and to make sure that free metal compounds
did not precipitate during the DNA isolation from the reaction lime points.

Time Points
An aliquot of 200 ML of each reaction solution was taken periodically to monitor
reaction progress. Time points of reaction set #1 were taken after 4 (Ti only). 20, 107,
153.5,335, and 1464 hours . Time points of reaction set #2 were taken after 0, 1, 2, 3, 4,
5, 6, 23, 47 .5, and 68 hours. The time point aliquots were immediately precipitated
(following the DNA ethanol precipitation described above) in order to separate the
modified DNA

from the rest of the reaction mixture (buffers, free metal).

Each

precipitated DNA pellet was air dried and stored in the freezer until ICP analysis when
each pellet was dissolved in 100 ML of distilled water.

II-mer DNA Duplex Melting Experiments
Using the diode array UV- Vis spectrophotometer (Hewlett Packard 8452A),
enough of the l l-mer duplex to give an absorbance at 260 nm of

=:

1.0 AU (0.03 Mg//lL)

when diluted to I mL with 20 mM IvIES (pH 6) was heated from 20 DC to 60 DC in IDC
increments . The absorbance at 260 nm was measured at each increment.

When

absorbance is plotted against temperature, the melting point of the DNA can be
determined from the maximum peak of the first derivative of the plot or approximately
the steepest slope of the A UJOnm vs. T curve (see Figure 11).
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II-mer Duplex and Ti Compound Reactions

roc and the It-mer duplex (reaction set #3) was set up with 100
}lg of DNA and enough roc to give an r{ of 0.1 (20 mM MES, pH 6), in a final volume
A reaction of

of 500 ul, with distilled water. The reaction was kept at room temperature and time
points of 12.5 ul, (containing 2.5 ug of DNA each) were taken at 0, 40 , 80, 120, 1245,
2970, and 5505 minutes . Another reaction set (reaction set #4) was set up between the
It-mer duplex and each of the four titanium compounds. Each reaction contained 20 Ilg
of DNA and 3xlO' s M Ti compounds for an r.of 0.1. The solutions incubated for over
five hours and 12.5 ul, of each was injected onto the reversed-phase HPLC. The two
peaks (strand 1 and 2 of the l I-mer duplex) were collected as they eluted from the
column and then analyzed by ICP to measure the Ti levels.

ICP-AES
The Inductively Coupled Plasma Atomic Emission Spectrometer (Leeman Labs,
PSIOOOUV) was used with argon coolant flow of 14 Umin, 1 kW of power, a 50 psi
nebulizer pressure, and distilled water in the rinse basin. The instru ment was set up to
detect Ti, P, and Sn signals at 334.94 nrn, 213.62 nrn, and 189 .99 nrn, respectively [15).
The six standard solutions made from dilutions of Spex CertiPrep multi element solution
(CLMS-4) at concentrations of 0 ppb (dH 20), 50 ppb, 100 ppb, 200 ppb, 500 ppb, and
1000 ppb were used to generate calibration curves for Ti and P concentration
determination. Another calibration solution (Spex CertiPrep CLMS-2) was used to make
diluted standard solutions at concentrations of 0 ppb (5% RNO J ) , 50 ppb, 100 ppb, 250
ppb, and 10,000 ppb and generate a calibration curve to determine the concentration of
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Sn in the samples. About 2 mL of each sample was needed to make measurements in
triplicate.
Half (50

JLL) of the

redissolved modified DNA solution (reaction set #1) was used

for ICP analysis and was diluted to 5 mL with dH 20. In the case of reaction sets #2 and

#3, 100 ul, of each of the redissolved pellets was diluted to 2 mL with dH 20 (in order to
get lower standard deviation of the

rcp measurements).

The concentrations of metal and phosphorous were measured and the ratio of
metal to phosphorous was calculated. By considering the metal / P ratio, we corrected for
incomplete DNA recovery during the precipitation procedure. The ratio of metal

to

phosphorous when di vided by 2 is equal to the bound ratio (r b' moles of metal bound to
the moles of DNA base pairs) because every base pair of DNA has two phosphate atoms
from the phosphate backbone.

PicoGreen®Ouantitation of DNA
Because of large standard deviations of P concentrations by ICP, the fluorescent
nucleic acid stain PicoSreen" was also used to measure the amount of DNA in the
reaction time points. PicoGreen" is a very useful DNA quantification agent as it can
measure DNA concentrations over a wide range (25 pg/mL

to

1 ug/rnl.), PicoGreen®

reagent comes as a concentrated 200X solution in DMSO that is diluted to a IX working
solution with IX TE buffer on the day of the measurements. The Picofireen" reagent is
light sensitive and must be kept in the dark or it will photodegrade. A standard curve of
voltage versus concentration was determined with samples of known CT DNA
concentration (0, 50, 100, 250, 500, and 1000 ng/mL) each time the instrument (Perkin
Elmer 650-IOS Fluorescence Spectrophotometer) was used to make measurements. The
standards were prepared from the CT DNA·stock solution and diluted with IX TE buffer.
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Equal volumes (200 ul.) of DNA standard and Picofireen" reagent were mixed together
and allowed to equilibrate in the dark for 5-10 minutes before a measurement was taken.
The measurements were taken on the spectrofluorometer set up with Ae:I

=480 nrn

and Aem = 520 nm. The slit widths and sensiti vity were adjusted before the initial
measurement to ensure that the most concentrated standard yielded an intensity close to
the maximum readout of the instrument (1.5 V). All parameters were then kept constant
for the remaining measurements. The instrument was set to zero voltage with IX TE
buffer as the blank and the cuvette was rinsed with distilled water between all
measurements.

Enzyme Digestion of Time Points
Half (50 ul.) of each precipitated reaction time point aliquot from reaction set #1
was digested with the enzymes DNase I, PI nuclease, and alkaline phosphatase to gi ve
individual nucleosides. DNase I breaks long stranded DNA into smaller strands. PI
nuclease breaks the DNA into nucleotides, and alkaline phosphatase cleaves the
phosphate group from the nucleotide. If all of the DNA in each time point was recovered
with ethanol precipitation. the portion of DNA - metal solution that was digested
contained 20 ng of DNA and the digestion protocol was set up under that assumption. A
5 unit portion of DNase I and 1.6 ?/-g of PI nuclease were added to 100 ?/-L of solution
containing 10 mM MgCI 2 and 25 mM sodium acetate puffer (pH 5). Following
incubation for 16 hours at 37°C. 1 unit of alkaline phosphatase and a one-tenth volume of
1 M Tris-HCI (pH 9) was added. The resulting solution was incubated for another 4
hours at 37°C and then stored in the freezer.

HPLC Analysis of Enzymatic Digestions
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The digested time points were thawed and (hen a 25 ul, portion was injected onto
a high performance liquid chromatography column in order to separate to the four DNA
nucleosides.

The column used was a Waters

{.Lbondapak C18 column (serial

#p72181B47, PIN 27324, 3.9 mm x 300 mm) and the eluent was monitored at 260 nrn.
The two buffers used were 0.1 M

NH~OAc

(buffer A) and 50% buffer AI 50% MeCN

(buffer B), both at pH 4.5. All of (he samples were run with the same program gradient
(see Table 5) - 100% AI 0% B to 70% AI 30% B in 30 minutes at a flow rate of 2.5
mllmin.

HPLC An'alysis of Ti Compound Reactions with I I-mer DNA Duplex
A 2.5 )lg portion of the l l-rner duplex was injected onto the reversed phase
HPLC column. A gradient of 90% Buffer N 10% Buffer B to 70% AI 30% B in 15
minutes at 2.5 mUmin (Buffer A: 0.1 M NH,OAc pH 6, Buffer B: 50% MeCN, 50% 0.1
M NH,OAc, pH 6) was determined to be the best gradient to give good separation
between the two complementary strands of the duplex.

A 2.5 ug portion of each of the

strands was injected onto the column alone to determine which strand eluted from the
column first.
Each of the time points of reaction set #3 were irrunediately injected onto the
column (2.5 ug DNA). The retention times of both strands were monitored as was the
percent area of each DNA peak to see if any changes in either were observed while the
reaction progressed.

Experimental Controls
Along with the three control reactions(A. B, and C) mentioned above
several others were also conducted. Control D was set up to determine the smallest
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amount of digested DNA that could be injected onto the HPLC to get reproducible areas
and retention times from the same DNA solution. A 500 ug portion of purified calf
thymus DNA was digested into nucleosides with DNase I, PI nuclease, and alkaline
phosphatase. Added to the DNA solution was 24 units of DNase 1 and 20 jAg of PI
nuclease making a 5 ml solution containing 10 mM MgCI 2 and 25 mM NaOAc (pH 5) .
This solution was incubated in a 37°C water bath for 24 hours (minimum 16 hours) when 
25 units of alkaline phosphatase were added with 500 III of Tris-HCI buffer (pH 9) and
incubated in the same water bath overnight (minimum 4 hours). This digestion protocol
was slightly different from the one used for the reaction time points [18]. Volumes of
2.5,7.5, and 12.5 ug of digested DNA were injected onto the HPLC on multiple days and
the retention times and percent areas were compared from injection to injection.
Control E was set up to decrease the error of the ICP measurements and increase
the reproducibility of those measurements . ICP samples were diluted to different
volumes (2, 3, 4 and 5 rnl.), measured on the instrument, and the standard deviation of
each of the measurements was compared. Multiple aliquots (400 ul.) from a Ti - DNA
reaction mixture (with known Ti binding) were taken and divided in half. One portion of
each aliquot was saved in the freezer and used to measure the unprecipirated
concentration of Ti and P (r.). The other portion was precipitated with ethanol following
the standard protocol, pelieted by centrifugation, and redissolved in 100 IJL of distilled
water. The redissolved sample was then used to measure the rb of the reaction mixture by
ICP. The samples were then diluted to the desired ICP volume (usually 2 mL) with
distilled water and measurements taken.
Control F was used to ensure that, during enzymatic digestion, titanium stays
bound to the DNA .

A 400 u.L aliquot from a Ti - DNA reaction was taken and

precipitated with ethanol. The pellet was redissolved in 200 J.,lL of distilled water and
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divided in half. One half was saved in the freezer and Ti and P were measured on the
ICP and spectrofluorometer, respectively. The other half was treated as if it was being
digested ex.cept no enzymes were used (0 .05 M NaOAc , pH 5,0.05 M MgC12 for 16 h at
37°C, then 0.1 M Tris-HCl pH 9 added for 4 h). This "digested" sample was then
reprecipitated and redissolved with distilled water (l00 ilL) and Ti and P were measured.
The rb values before and after the digestion protocol were compared to ensure that Ti
remained bound to the DNA during the pH and temperature changes of the digestion
procedure.
Control G was set up to rule out non-covalent electrostatic interactions between
the metal compounds and CT DNA. A sample with known Ti and DNA binding was set
up (reaction conditions similar to reaction #1 and 2) and allowed to incubate for several
days . Three aliquots of 200 J..lL each were removed and each was precipitated with
ethanol to separate the modified DNA from free metal compound in solution. The salt
concentrations were varied during the precipitation procedure (tube 1: 0.3 M NaOAc , 0.2
M NaCl, tube 2: 0.3 M NaOAc, 0.2 M NaCl, 0.1 M MgCI 2 , tube 3: 0.3 M NaOAc, 0.2 M
NaCl, 0.2 M MgCI 2) . Precipitated pellets were redissolved and diluted as previously
described and the rb of each was determined from ICP and fluorescence measurements
A final control, (control H), was set up to test the lifetime of the PicofIreen"
reagent once diluted. Two sets of CT DNA standard solutions were set up (0 , 50, 100,
500, and 1000 ng/mL) . Equal volumes of the standards and the diluted PicoGreen"
reagent were mixed in all tubes and allowed to incubate in the dark. The first set of
standards was measured immediately with multiple measurements taken of each
concentration.

The second set was measured with repeated measurements of each

concentration but spaced out over a period of 4 hours (3D, 60, 90, 135 minutes after the
addition of the Picotrreenf reagent) . This control was done to check the reproducibility
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of the spectrofluorometer measurements and the lifetime of the diluted Pico'Green"
reagent.
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RESULTS
Experimental Controls
The following table (Table 1) is a summary of all of the results of the controls
done during this research project.

Controls Band C were set up with the metal

compound and DNA reactions to ensure that the free metal did not precipitate out during
ethanol precipitation. Control D was set up to determine the smallest amount of DNA
that could be injected onto the HPLC in order to gel reproducible results. Control E
determined the best dilution factor when using the ICP-AES to measure meta]
concentration in the time points. Control F ensured that the interaction between TDC and
DNA did not change during the temperature and pH changes of enzymatic digestion.
Control G set to rule out electrostatic non-covalent interactions between the metal
compound and DNA. Control H was used to determine the lifetime of the Picooreen"
reagent once it was prepared.
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TABLE 1:

A summary of the results from the reaction controls described in the Methods section .

Controls

B
No DNA (Sn
rxns)

C

Results

No Sn was detected in these controls by

rcp, and therefore we

concluded that free Sn compounds do not precipitate out of the
reaction solutions during the ethanol precipitation procedure.
No Ti was detected in these control samples by

rcp following

No DNA

precipitation. This indicates that free Ti compounds do not

(Ti rxns)

precipitate out of the reaction solutions during ethanol precipitation.

D

An injection of just 2.5 ug of DNA was shown to give reproducible

DNA

percent areas of the 4 nucleosides peaks and reproducible retention

digestion

times from the same digested DNA solution on the same day of

(no metal)

injections. There was no change in area from day

to

day , however

the retention times did vary slightly (0.1 - 0.5 min) .

E
Varying

Results of control E showed that the smallest standard deviation of

rep

dilutions

the

rep measurements was obtained when

the samples were diluted

to the smallest volume needed to make the measurements - in this
case 2 mL.

23
F

The Tb values before-and after "digestion" were the same within

Digestion

experimental errors. This indicates that Ti stays bound to DNA

conditions

during the pH. salt, and temperature changes involved with

control

enzymatic digestion.

G

Repeat measurements of standard concentration solutions measured

Picofireen"

the same fluorescence over time indicating that the lifetime of the

Picoflreen" diluted solutions is greater than or equal to 4 hours .

Lifetime
control
H

A concentration of 0.1 M or 0.2 M MgCI 2 does not change the rb of

!J! (salt] in

IDe. However, the presence of MgCI 2 does change the

f b.

The rb

precipitation

of the solution containing no MgCl 2 was a lot higher. The soluble

procedure

DNA recovery was very low in this case which may contribute to
the high rb •

Reaction Set # 1 CTi)
The final results of the preliminary reactions of TDC and CT DNA are shown in
Figure 2. The interaction between DNA and IDC reaches maximum binding before the
second time point (20 hours) for both r( values.

In this reaction set, the DNA

concentrations were determined by measuring phosphorous concentrations with the ICP.
Below (Table 2) are the results of the HPLC of the enzymatically digested DNA from
each time point of these reactions. No significant change was noticed in the percent area
of each of the four nucleoside peaks and no new peaks were observed on any of the
traces.

TABLE 2:

HPLC data of enzymatic digestions of time points. See Figure 12 for sample HPLC
trace.
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22.95

23.05

27.86

24.28
27.14

26.26

27.12

34.30

34.97

34.13

36.18

%T

23.54

23.24

23.87

%dG

26.90

27.24

%dA

35.76

35.51

"NoTDC present

Reaction Set #2
As shown with Figures 2-5, r, values of all Ti + DNA reactions are non-zero even
after the shortest time point This indicates that all four Ti compounds interacted with CT
DNA in a time-dependent manner. All four compounds bind quickly to DNA within the
first few hours of the reaction. Both TDC (Figure 3) and pentamethyl TDC (Figure 5)
interact with DNA in a time-dependent manner that appears to be stable during the time
period studied.

With z-butyl TDC (Figure 4) and ;-propyl TDC (Figure 6), the

compounds also interact with DNA, but the rb values of both of these compounds begin to
decline in the later time points perhaps indicating that the interaction is not stable. It is
important to note that the time point at 0 min represents the first time point taken after the
reaction solutions were mixed (10 - 15 minutes).
The DNA concentrations of this reaction set were determined using PicoGreen Gi
spectroscopy. Surprisingly, the r, values of all four of these reaction mixtures are higher
than the original rf (0.1). The structure (Figure 10) of PicoGreen" and its mechanism of
interaction with DNA is patented by Molecular Probes (Eugene, OR) [15] . It is suspected
to intercalate between the bases of DNA through non-covalent interactions . Upon
interacting with DNA, PicotIreen" has a fluorescence enhancement of greater than 1000
fold [14]. Based on PicoGreen(!)'s large and sterically constrained structure, it is possible
that the binding of the Ti compounds to the DNA may interfere with Picotrreen'['s ability
to slide between the base pairs of the double-stranded helix and fluoresce proportional to
the DNA concentration. This could cause the amount of the DNA calculated from the
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fluorescence analysis to be lower than the actual DNA in solution sample, which would
result in higher than expected r, values.

Reaction Set #3
No change was observed in the HPLC retention times of strand 1 and strand 2 as
the reaction between IDC and the I l-mer duplex progressed (Table 3). The percent area
of each of the two peaks could not be compared among the time points because of large
error resulting from not having good base line separation (see Figure 13 for a sample
HPLC trace). A final time point was measured for [Ti] on the YCP and for [DNA]
concentration on the spectrofluorometer. The ICP detected Ti in the redissolved diluted
time point pellet. The final rb value, however, is no! reported because the PicoGreen"
assay was not reliable and is not intended for short oligomers of DN A [14].

TABLE 3:

HPLC data of retention times of L l-rner duplex reaction with TOC..

TII\JE

RETENTION TIMES

(\I1~)

11·l\IER
STRANI>

0

2

10.86

1

11.61

2

10.62

1

11.79

2

10.71
11.50

40
80

1
2
1

10.67

1245

2

10.95
11.77

2970

1
2

5505

1
2

11.86
10.83

1

11.60

120

11.74

11.10
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Reaction Set #4
No Ti was measured by the

rcp for either of the

two strands of the l l-rner duplex

collected by HPLC for any of the reaction fractions. The same amount of Ti (= 6 ± 1
ppb) was measured for all of the reaction and control fractions. The control fractions
included DNA with no Ti in the reaction mixture. free Ti compound with no DNA added
to the solution (fractions collected from HPLC at retention time of ll-mer duplex), and
both HPLC buffers. Reaction samples were only incubated for about 4 hours at room
temperature and this may not have been long enough to get Ti-binding on a short duplex.
We do no have sufficient data on the time scale of the interactions between the H-rner
duplex and the Ti compounds considering we measured TDC + l l-rner duplex binding
with the rcp after 4 days (reaction set #3).

Reaction Set #1 (So)
Figures 6-8 show the results of the reactions set up between the Sn compounds
and CT DNA. The error bars on all three figures are large because of the high standard
deviation of the

rcp

measurements of Sn (usually

~

30%). Both triphenyItin acetate

(Figure 7) and diphenlytin dichloride (figure 8) interact with DNA in a time-dependent
manner. Figure 9 compares the r, values of all three Sn compounds 1464 hours (61 days)
after the reaction started. Triphenlytin acetate has the highest rb • however the recovery of
soluble DNA from the triphenlytin acetate time points during ethanol precipitation was
significantly lower than the other two compounds and makes this ratio suspect.
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DISCUSSION AND CONCLUSIONS

This project began with the goal to answer three main questions. First, do Ti(IV)
and Sn(IV) organometallic complexes interact with DNA? If so, are these interactions
time dependent? And finally, how and where do these complexes bind to DNA? Can a
mechanism be proposed?
TABLE 4:

A summary of the results of the binding study
regards

Compound

(0

or the

7 compounds and CT DNA with

the main research questions.

O~A

interaction?

Time
dependent

Maximal
Binding
Time

Cp2TiCI2
r-butyl

Y
Y

Y
y

4hrs

Does
Binding
Decrease
nver Time?
N

4hrs

Y

Cp2T iCI2
i-propyl

Y

Y

4hrs

Y

y
y

4 hrs

N

Ph 2SnCJ 2

y
y

50 hrs

N

Ph 3SnOAc

Y

Y

200 hrs

N

Cp2TiC12
Cp'2T iC12

Othcr?

Problems with
low recovery
of soluble
DNA

Ph 1SnCI

Y

Y

Through the results (Table 4) from reaction set # 1 and #2, we have shown that all
of the compounds studied: TDC, i-propyl TDC. r-butyl TDC. pentarnethyl TDC,
Ph 3SnCI, Ph 2SnCl 2, and Ph3SnOAc. interact with CT DNA in a time-dependent manner.
In the case of the Ti compounds, the interaction with CT DNA is fast and maximal
binding is achieved after 4 hours at 37°C. The binding of IDC or pentarnethyl

cr

DNA appears to be more stable than the binding of i-propyl or r-butyl

mc to

IDe

to

cr
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DNA, which begins to decrease after 20 hours . In the case of the Sn compounds,
Ph 3SnCl, Ph 2SnCl 2• and Ph 3SnOAc all interact with CT DNA in a time-dependent manner
as well. Problems with low recovery of soluble DNA existed for triphenyltin acetate and
these experiments should be repeated to get more reliable rb values.
As mentioned above, we did obtain some rb values that were higher than the
original reaction r f values.

We have attributed this to the interference of the metal

compounds with PicoGreen~hs ability to intercalate into the DNA and fluoresce
proportional to the actual amount of DNA present in solution. An experiment to try to
understand this effect will be described in detail in the Future Work section.
Although a single analysis of reaction set #3 indicated that TDC bound

(0

the 11

mer duplex under reaction conditions after 91 hrs. we could not support this data by using
HPLC methods. No change in retention time was observed for either strand of the 11
mer duplex after 91 hours of reaction with TDC and no Ti was detected by ICP in HPLC
fractions corresponding to either strand of the l l-rner duplex after 4 - 8 hours of reaction.
The results may be explained in part by the different time scales of reaction sets #3 and
#4.

With the experiments in control H, we attempted to rule out electrostatic non
covalent interactions between TDC and DNA. Our initial results suggest that changing
the concentration of MgCI 2 during precipitation does not change the rb • but due to
problems with rhe PicoGreen® quantification, we have not yet completely ruled out
electrostatic interactions. We may , however, add MgC12 to our precipitation procedure to
improve soluble DNA recovery.
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FUTURE WORK

As is expected with all scientific research, additional questions arise as a result of
experimental progress. Hopefully, another scientist will come in and pick up where J
have left off.

So far, the experiments which were designed to obtain mechanistic

information about these Ti(IV) and Sn(IV) complexes and their binding to DNA have
been inconclusive. Lirtle is known about the location or mechanism of DNA-binding to
the metal compounds in this study. One possibility is to try using ion-exchange HPLC
instead of reversed phase and see if changes can be observed via HPLC as metal
compounds interact with DNA.
In addition, more reactions need to be set up and repeated with all of the Ti(IV)
and Sn(lV) compounds using both the

cr DNA as well as the

l l-mer duplex. More time

points need to be taken over longer periods of time and analyzed. A new method of DNA
quantification may be required due to potential problems with the PicoGreen'", It would
also be interesting to incorporate other Sn(IV) and Ti(lV) compounds into our study with
different ligands and leaving groups. As mentioned in the Introduction of this paper,
there are many other metallic complexes with "anti-tumor possibility" which would also
be interesting additions to this study.
As for the problems with the PicoGreen®, we should purchase a fluorescent
nucleic dye for short oligomers and try measuring Ti + Ll -rner duplex reactions over
time . Another experiment that we considered and briefly attempted may help solve the
question of whether or not the binding of the metal compounds to DNA interfered with
PicoGreen'ts ability to fluoresce proportional

(0

the actual DNA concentration in

solution. This involves looking at the fluorescence of three solutions over an extended
period of time (1-2 hrs) . The first solutions would contain just Picofrreen", DNA, and

30
buffer. The second would contain PicotJreen". DNA, metal compound, and buffer. The
third would contain Picoflreen" and a solution of already interacted metal compound +
DNA set up a few days prior.

All three solutions would be set up similarly and the

Picotrreen" would be added immediately before making the measurements. Fluorescence
measurements would be taken every 10 minutes watching for changes in fluorescence
over time. The fluorescence change of all three solutions over time can be compared to
see what effect the metal compound - DNA interactions have on PicoGreen'vs ability to
accurately quantify DNA concentration.
Another experiment to study the accuracy of our instrumentation methods of
determining solution concentrations would be to set up Sn-CT DNA reactions on a larger
scale. The time points would require less dilution for Sn
concentrations could be measured by UV-Vis, P

rcp

analysis and the DNA

rcp, and Picofrreen" fluorescence.

The

r, values could be compared over time and between the three methods to determine the
optimal method for analysis.
Another test that needs to be repeated is the varied salt concentrations control
(control H) to rule out electrostatic interactions between these transition metal
compounds and DNA. A final study that is need and would be very interesting involves
running out our CT DNA on an agarose gel to determine its actual length (not supplied by
the distributor) and to see if any degradation has resulted over time.
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APPENDIX

Sn

CI'fl""l

cl'

FIGURE 1:

Metal Compounds used in

research: (clockwise from top left comer)
Triphenyhin Acetate, Triphenlytin Chloride,
Titanocene Dichloride. r-butyl Titanocene
Dichloride, pentamethyl Titanocene
Dichloride, i-propyl Titanocene Dichloride,
and Diphenyltin Dichloride.
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FIGURE 2:
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Ratio of bound IDC to CT DNA results over time of reaction set #1 (r, =
0.1 & r( = 0.05) .
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TDC + CT DNA Reaction (Set #2) Progress
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FIGURE 3-6:
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Results of reaction set #2 with 1 standard deviation error bars
(calculated from error of ICP and Fluorescence measurements) on
all figures. Figure 3 (above): Ratio of bound TDC to CT DNA
results over time ofreaction set #2. (Rr

=0.1)

37

t-Butyl TDC + CT DNA Reaction (Set#2) Progress
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FIGURE 4:

Ratio of bound r-butyl TDC to

#2. (Rr

=0.1)
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cr DNA results over time of reaction set
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Pentamethyl TDC + CT DNA Reaction (Set#2) Progress
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FIGURE 5: Ratio of bound pentarnethyl IDe to CT DNA results over time of reaction
set #2. (R,

=0.1)
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i-Propyl TDC + CT DNA Reaction (Set #2) Progress
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FIGURE 6:
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Ratio of bound i-propyl TDC to CT DNA results over time of reaction set
#2. (R r = 0.1)
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Ph30Ac + CT DNA Reaction (Set #1) Progress
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FIGURE 7-9:

Sn compound results from reaction set #1 with error bars of 1
standard deviation. Figure 7 (above): Ratio of bound triphenyltin
acetate to CT DNA results over time of reaction set # 1. (R,

= 1.0)
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Ph 2SnC12 + CT DNA Reaction (Set #1) Progress
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Time Point - 61 days of Reaction Set #1
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FIGURE 9:

diphenyltin
dichloride
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Ratio of bound metal to CT DNA results for time point 1464 hours of all
three tin compounds. (R( =1.0)
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o
FIGURE 10: The structure of Molecular Probes Dye #61. (Picoflreen") (14].
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As shown below in Figure 11, the melting temperature of (he ti-mer duplex is
,

between 28 and 30°C in the buffer conditions specified in the Methods section. The
reactions with the l l-mer duplex were therefore incubated at room temperate (22°C)
instead of 370C as for the CT reactions in order to ensure that the It-mer duplex
remained double stranded. Trn
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FIGURE 11:
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Results of determination of the melting temperaruee of the l l -rner duplex.
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TABLE 5:

HPLC program gradients used in research project .

Start Up
Time

flow

I

0
2.5
2.5
2.5
2.5
0.01

5
10
15
20
25

%A
0
0
0
100
100
100

%B

%C

curve

0
100
100
0
0
0

lOO
0
0
0
0
0

*
6
6
6
6

6

running samples (enzymatic digestions)

2.5

%A
100
70
0
0
100
100

0.01

100

Time

flow

I

2.5
2.5
2.5
2.5
2.5

30
35

40
45
55
65

%B
0
30
100
100
0
0
0

%C

curve

0
0
0
0
0
0
0

*
6
6

6
6
6

6

funning samples (Tl-mer duplex reaction analysis)
Time

flow

I

2.5
2.5
2.5
2.5
2.5
2.5

15
22
27
35
40

%A
90
70
0
0
90
90

%B
10
30
100
0
10

%C
0
0
0
0
0
0

%B
0
0
0
0

%C
0
100
100
100

100

curve
>/<

6
6
6

6
6

shut down
Time

flow

%A

I

2.5
2.5
2.5
0.0

100

5

15
20

0
0
0

curve

*
6

6
6
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dA

de
T

FIGURE 12:

A2f:I:)om

dG

vs. retention time for a typical HPLC injection of an enzymatically

digested time point. (Waters Jl,bondapak CiS column (serial #p72181B47, PIN
27324,3 .9 mm x 300 rnrn, flow rate of 2.5 mUmin)
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Strand2~
10.95 minutes

Strand I

, ~ /1I .75 minutes

,l\

I "'---A

FIGURE 13: A260 VS. retention time for a typical HPLC injection of a
IDe + l l-mer duplex reaction (Waters 1Lbondapak CI8
column, serial #p72181B47, PIN 27324, 3 .9 mm x 300
rnm, 2.5 mUmin)
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FIGURE 14:

Example of a standard calibration curve used by the ICP to convert
the measured intensities at the specific wavelengths for each
element to concentration. This particular curve was used as the
calibration curve for measuring the titanium concentration in the
reaction set #2 samples.
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FIGURE 15:

Figure representing a standard calibration curve of the Picotrreen"
converting the measured fluorescence of the samples (in voltages)
10 the concentration of DNA in the sample including the error bars
(± 1 standard deviation).

